Cell-cell fusion or syncytialization is fundamental to the reproduction, development and homeostasis of multicellular organisms. In addition to various cell-type specific fusogenic proteins, cell surface externalization of phosphatidylserine (PS), a universal eat-me signal in apoptotic cells, has been observed in different cell-fusion events. Nevertheless, molecular underpinnings of PS externalization and cellular mechanisms of PS-facilitated cell-cell fusion are unclear. Here we report that TMEM16F, a Ca 2+ -activated phospholipid scramblase (CaPLSase), plays an indispensable role in placental trophoblast fusion by translocating PS to the cell surface independent of apoptosis. Consistent with its essential role in trophoblast fusion, the placentas from TMEM16F-deficient mice exhibit deficiency in syncytialization, placental developmental defects and perinatal lethality. Our findings thus identify a cell-cell fusion mechanism by which TMEM16F CaPLSase-dependent externalization of PS serves as a critical cell fusion signal to facilitate trophoblast syncytialization and placental development.
types. The notion of PS exposure as an early hallmark of apoptosis led to the prevailing view of PS exposure during cell-cell fusion: apoptosis is responsible for PS exposure-mediated cell-cell fusion [17] [18] [19] .
Nevertheless, syncytialization determines the reproduction and survival of a species. Fusing apoptotic cells to the physiologically important multi-nucleated cells seems rather harmful than beneficial to the fused cells. It is thus critical to understand the molecular underpinning of PS exposure during cell fusion and the mechanism on how PS exposure mediates cell-cell fusion.
Here we report that TMEM16F, a Ca 2+ -activated phospholipid scramblase (CaPLSase) that translocates PS to platelet surface and facilitates blood coagulation 20, 21 , mediates PS exposure during trophoblast fusion independent of apoptosis. Genetic ablation of TMEM16F abolishes fusion among BeWo cells, a human choriocarcinoma trophoblast cell line, while reintroducing TMEM16F back to the knockout cells rescues BeWo cell fusion. Consistent with the in vitro findings, the placentas of TMEM16F-deficient mice exhibit trophoblast fusion deficiency, developmental defects in the labyrinth layer and fetal blood vessels, resulting in perinatal lethality. Our findings thus uncover a cell-cell fusion mechanism that requires CaPLSase-mediated PS exposure as an important cell fusion signal. The CaPLSase-mediated cell-cell fusion mechanism can shine light on understanding other cell fusion events as well as cell fusion in health and disease.
Results

PS surface externalization is required for trophoblast fusion
Forskolin-induced BeWo cell fusion is widely used to study the cellular mechanism of villous trophoblast fusion in vitro 22, 23 . Using Di-8-ANEPPS dye to mark the plasma membrane ( Figure 1A) , the fusion index of live BeWo cells, which is defined as the percentage of nuclei from cells with ≥ 3 nuclei (to exclude potential dividing cells, see Methods for details), can be reliably quantified 24 . 30 µM forskolin stimulation significantly boosts the fusion index from 0.03±0.01 to 0.38±0.02 ( Figure 1B and 1E); whereas application of Annexin V (AnV), a specific PS-binding protein, almost completely suppresses forskolin-induced BeWo cell fusion ( Figure 1C and 1E ). Our results support that PS surface exposure plays a critical role in trophoblast fusion which is consistent with the previous reports showing that masking surface-exposed PS with PS-specific monoclonal antibodies inhibits BeWo cell fusion 25, 26 .
Ca 2+ -activated but not caspase-activated phospholipid scramblases are critical for trophoblast fusion Phospholipid scramblases are passive phospholipid transporters on cell membranes that catalyze PS surface exposure 14 . There are two major types of phospholipid scramblases. Caspase-dependent lipid scramblases such as Xkr8 induce PS externalization 27 , which serves as an eat-me signal in apoptotic cells to attract phagocytes and initiate phagocytosis 16 . CaPLSases, on the other hand, mediate rapid PS surface exposure in viable cells in response to intracellular Ca 2+ elevation 14, 16, 20 . To pinpoint the specific type of phospholipid scramblases that are responsible for PS externalization in trophoblast-derived BeWo cells, we first treated the cells with Q-VD-OPh, a pan-caspase inhibitor. The lack of inhibition on the fusion index by Q-VD-OPh ( Figure 1D and 1E) indicates that that caspase-dependent lipid scrambling is not required for BeWo cell fusion. Our result is consistent with previous findings, which showed that apoptosis does not make major contributions to trophoblast fusion 28, 29 .
Instead, the human trophoblasts exhibited robust CaPLSase activity measured by an optimized phospholipid scrambling assay (Figure S1A) 30 . We stimulated both BeWo and primary human term placental trophoblasts with ionomycin, a Ca 2+ ionophore (Figures 1F, S1B and Movies S1), or GSK-1016790A 31 , a potent and specific agonist of TRPV4 Ca 2+ -permeable channel (Figures 1G, S1D and Movie S2). Upon stimulation, fluorescently-tagged AnV rapidly accumulates on trophoblast surface following intracellular Ca 2+ elevation ( Figure S1A ), indicating that functional CaPLSases are abundantly expressed in human trophoblasts. Our results also suggest that TRPV4, a previously unreported Ca 2+permeable channel in trophoblasts ( Figure S1C ), can serve as an upstream Ca 2+ -importer for CaPLSase activation.
Consistent with the observed dominant CaPLSase activity in trophoblasts ( Figure 1F and 1G) and the importance of PS externalization in trophoblast fusion ( Figure 1E ), disruption of Ca 2+ homeostasis by reducing extracellular Ca 2+ ( Figure S1E ) or pharmacologically inhibiting TRPV4 channels with GSK-2193874 31 hinders BeWo cell fusion ( Figure 1H ). Therefore, our results demonstrate that CaPLSase-mediated PS exposure plays an essential role in trophoblast fusion.
TMEM16F Ca 2+ -activated lipid scramblase is highly expressed in human trophoblasts
All currently known CaPLSases are TMEM16 family members 20, [32] [33] [34] . To pinpoint the molecular identity of CaPLSase in trophoblast, we measured the relative mRNA levels of the TMEM16 family in both BeWo (Figure 2A ) and primary human term trophoblast cells ( Figure S2A ) by quantitative RT-PCR. Of these, TMEM16F, a CaPLSase critical for platelet PS externalization during blood coagulation 20, 21 , shows the highest expression level in BeWo and human primary trophoblasts, whereas the expression levels of other TMEM16F members are negligible. Immunofluorescence staining confirms that TMEM16F protein is highly expressed in both BeWo and human primary trophoblasts ( Figure 2B ). In human first trimester and term placentas, TMEM16F is highly expressed in both syncytiotrophoblasts and cytotrophoblasts in the chorionic villi ( Figures 2C and S2B ). Our results thus demonstrate that TMEM16F is highly expressed in human trophoblasts and is the major CaPLSase responsible for PS surface exposure.
TMEM16F-CaPLSase is indispensable for trophoblast fusion
To further examine TMEM16F function in trophoblast fusion, we generated a TMEM16F knockout (KO) BeWo cell line using CRISPR/Cas9 methods. Genetic ablation of TMEM16F completely eliminates the protein expression in BeWo cells as examined by western blotting and immunostaining ( Figure S3A and S3B). Distinct from the Cas9 control cells that show strong CaPLSase activity ( Figure   S3C and S3D), the TMEM16F KO BeWo cells lack Ca 2+ -induced PS exposure when stimulated with ionomycin ( Figure 3A and Movie S3) and TRPV4 agonist GSK-1016790A ( Figure S3E ). The Figure 3F ).
TMEM16F knockout mice exhibit deficiency on trophoblast fusion, placental development and perinatal viability
To understand the function of TMEM16F CaPLSase in trophoblast physiology and placental development in vivo, we examined the pregnant mice from a TMEM16F deficient (KO) line 21 . In the C57BL/6 genetic background, heterozygous x heterozygous breeding scheme shows a significant reduction of postnatal homozygous TMEM16F -/mice (14.7%) from the expected Mendelian inheritance (25%) ( Figure 4A and Table S1 ). Furthermore, the weights of TMEM16F -/placentas and embryos are significantly reduced compared to wildtype (WT, TMEM16F +/+ ) placentas ( Figure 4B and 4G (i and ii)). The enlarged cavities are concentrated proximal to the fetal interface. Using alkaline phosphatase (AP) staining 35 to assess for the sinusoidal trophoblast giant cells (STGCs), we confirmed that the enlarged cavity in the KO placentas are maternal blood sinuses, which is enclosed by STGCs ( Figure 4F (iv) and 4G(iv)).
In addition to the enlarged maternal blood sinuses, E-cadherin (Cdh1), a marker of syncytiotrophoblasts 36 , has markedly diminished expression in the TMEM16F -/labyrinth layer (Figures 4F(iii), 4G(iii) and S4A), suggesting that the TMEM16F KO placentas have defective syncytialization.
Interestingly, AP staining of the STGCs is prominently enhanced in the KO placentas compared to the WT placentas ( Figure 4F (iv) and 4G(iv)). In fact, multiple layers of STGCs are observed surrounding the enlarged maternal blood sinuses whereas the WT maternal blood sinuses are usually enclosed by a single layer of STGCs. As STGCs and two layers of syncytiotrophoblasts collectively form the threelayer barriers between maternal blood and fetal vessels in the mouse labyrinth layer 37 (Figure 4F Figure 4A and Table S1 ).
Similar placental defects were also observed in another TMEM16F KO mouse line generated using gene trap ( Figure S5 and Table S1 ). The lethality of this KO line is even more prominent (Table   S1 ) with a 4.8% postnatal survival rate in homozygotes, which is similar to the lethality observed in another TMEM16F KO mouse line (7.4% postnatal survival in homozygotes) 38 . Taking the in vitro and in vivo studies together, we therefore conclude that the TMEM16F CaPLSase plays an essential role in mediating trophoblasts PS exposure and controlling trophoblast fusion and placental development.
Discussion
As the most studied CaPLSase, TMEM16F has been shown to play critical roles in blood coagulation 20, 21 , bone mineralization 38 , immune response 39 and HIV infection 40 . Here we show that TMEM16F also plays an indispensable role in trophoblast fusion and placental development. When TMEM16F is genetically ablated and CaPLSase-mediated PS exposure is eliminated, BeWo trophoblasts can no longer fuse ( Figure 3C ) even if syncytin proteins, the key fusogens in trophoblast 12, 13 , are present. Heterologous expression of mouse TMEM16F into TMEM16F knockout BeWo cells reintroduces CaPLSase activity and cell-cell fusion ( Figure 3D and 3E ). Furthermore, the TMEM16F knockout mouse lines show impaired syncytiotrophoblast formation, abnormally enlarged maternal blood sinuses in the labyrinth layer and malformation of fetal blood vessels, which collectively cause perinatal lethality (Figures 4 and S4 ). The in vivo findings thus further support the essential role of TMEM16F CaPLSase in trophoblast fusion, deficiency of which will lead to defects in placental development and partial perinatal lethality to the knockout mice.
Contrasting the prevailing view that PS exposure during cell-cell fusion is a consequence of apoptosis and caspase activation [17] [18] [19] , our experiments clearly demonstrate that apoptosis is not required for CaPLSase-mediated cell-cell fusion. Application of Q-VD, a pan-caspase inhibitor, has no effects on trophoblast fusion ( Figure 1D and 1E ), suggesting that apoptosis and caspase-activated lipid scramblases play a dispensable role in PS exposure during trophoblast fusion. Considering the facts that 1) multinucleated syncytial cells need to stay healthy to fulfill critical physiological functions, 2) one of the advantages of cell-cell fusion is to supply the fused cells with additional genetic and metabolic materials, 3) not all fused cells have the robust phagocytic machinery as phagocytes to handle apoptotic cells, cell fusion with apoptotic cells would increase the burden of the fused cells rather than benefit their functions.
With more in-depth understanding of TMEM16 CaPLSases 20 and caspase-activated lipid scramblases 27 , we now understand that a viable cell with high CaPLSase expression can effectively externalize PS to cell surface 41 without triggering apoptosis 30, 42, 43 . Our findings thus support that under physiological conditions, cell-cell fusion preferentially happen between healthy cells instead of involving apoptotic cells.
Cell-cell fusion is a highly coordinated, tightly regulated, multi-step process, which requires synergistic actions of multiple fusion machineries [1] [2] [3] 9 . The known mammalian fusogens show clear celltype specific distribution 1-3 . In the placenta, syncytins are believed to interact with their receptors to promote trophoblast fusion 12, 13, 44 . Considering the broad expression of TMEM16 scramblases 45 , CaPLSase-mediated PS exposure thus may serve as a universal prerequisite for cell-cell fusion.
CaPLSase-mediated PS exposure mightwork synergistically with cell-type specific fusogens to facilitate cell-cell fusion ( Figure 3F ). The exposed PS on cell surface may prime the cell-cell fusion sites and create an environment to enable fusogens and their partners to form stable interactions, which eventually lead to fusion pore formation. On the other hand, it is also likely that CaPLSase-mediated PS surface exposure in one fusing cell recruits some cell-surface PS receptors from another fusing cell. The interaction between PS and PS receptors, similar to the interaction between PS on the apoptotic cell surface and PS receptors in phagocytes during phagocytosis 14, 16, 46 , provides a simple and universal phospholipid-protein interaction that promotes membrane-membrane contact and fusion of various cell types. Therefore, cell-type specific fusogens and their partners might work in concert with CaPLSases to render cell-cell fusion high efficiency and high specificity. The existence of multiple, highly coordinated yet seemingly redundant cell-cell fusion mechanisms thus can provide evolutionary advantages for the reproduction and survival of an organism. All these hypotheses need to be tested in future studies.
CaPLSase-mediated cell-cell fusion mechanism will have broad implications in health and disease. In the placenta, we show that TMEM16F CaPLSase plays a critical role in placental and embryonic development ( Figure 4 ). The TMEM16F knockout mouse placentas exhibit apparent morphological defects during development, which lead to deficient feto-maternal exchange and partial perinatal lethality. The defects in the syncytiotrophoblast layers in the labyrinth seems to be partially compensated by the hyper-proliferation of the STGCs surrounding the enlarged maternal blood sinuses ( Figure 4G ). The same compensatory effect was not reported in the characterizations of the Syncytin knockout mice 47, 48 . This might be the reason why the TMEM16F knockout lethal phenotype seems less severe than the Syncytin-A knockout mice. In addition, CaPLSase-mediated cell-cell fusion mechanism can also shine new lights on understanding the pathophysiology of placental disorders such as preeclampsia, pregnancy insufficiency, fetal growth retardation and preterm birth. As a general cell fusion mechanism, CaPLSase-mediated cell-cell fusion might also help understand other cell fusion events, including skeletal muscle development and repair, fertilization , osteoclast formation, cancer cell fusion and viral infection 1, 3, 14, 19, 40 
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Methods
Cell lines
The gradient at stepwise increments of 5%. The cytotrophoblasts between densities of 1.049 g/mL and 1.062 g/mL were collected and plated in fibronectin (10 μg/mL)-coated cover glass for culture at 37°C in 5% CO2-95% air in DMEM containing 10% fetal calf serum (Sigma, cat. F2442) and 1% antibiotics (Gibco, .
Mice
The gene targeting knockout line was a kind gift from Dr. Lily Jan and has been reported previously 21 . The heterozygous (het) mice have been backcrossed 10 generations into a C57BL6 strain.
The het x het crosses generated TMEM16F -/knockout mice. The gene trap TMEM16F/Ano6 knockout line was purchased from the Jackson Laboratory (C57BL/6-Ano6 Gt(EUCJ0166e09)Hmgu , #024798). PCR genotyping was performed using tail DNA extraction. Mouse handling and usage were carried out in a strict compliance with protocols approved by the Institutional Animal Care and Use Committee at Duke
University, in accordance with National Institute of Health guideline.
TMEM16F knockout cell lines
Stable Cas9-expressing cells were generated by transducing BeWo cells with lentiCAS9-blast (Addgene, cat. 52962). To generate TMEM16F/ANO6 knockout cells, we designed sgRNAs targeting exon 2 using CHOPCHOP (http://chopchop.cbu.uib.no/index.php) and cloned these sequences into lentiguide-puro (Addgene, cat. 52962). All lentiviruses were prepared by cotransfecting HEK293T cells with the lentivector, psPAX2 and pMD2.g using TransIT-LT1 (Mirus, cat. MIR 2304). All transductions were done at a multiplicity of infection (MOI) of <1 in the presence of 4 µg/ml polybrene. Twenty-four hours post infection, cells were selected with 10 µg/ml blasticidin or 2 µg/ml puromycin for 48-72 hours and then expanded. Genomic DNA was harvested from cells one week after transduction with sgRNAs.
The TMEM16F exon 2 locus was PCR amplified from genomic DNA and used in Surveyor assays (Integrated DNA Technologies, cat. 706020) to confirm the presence of insertions and deletions.
The BeWo cell populations were selected for single-cell colonies by serial dilution into 96-well plates.
The cells were grown for 10-14 days, and then expanded to larger culture plates. Western blots, immunofluorescent staining and phospholipid scrambling assay were used to screen the single-cell colonies that have no TMEM16F expression and CaPLSase function. Sequences used: sgRNAs used to generate TMEM16F-KO Bewo are AATAGTACTCACAAACTCCG and TTTCCAGTGATCCCAAATCG. TMEM16F forward and reverse primers used in Surveyor assays are TTTTCAGTGGTAGACCTTGCCT and AAGTTCAGCAACCTATTCCCAA, respectively.
Expression of murine TMEM16F in TMEM16F-KO BeWo cells
The murine TMEM16F with a C-terminal mCherry tag was transduced into TMEM16F deficient 
Fluorescence imaging of Ca 2+ and scramblase-mediated PS Exposure
To monitor Ca 2+ dynamics, cells were incubated with 1 μM Calbryte-590 AM Ca 2+ dye (AAT 
Cell-cell fusion and fusion index quantification
Syncytialization of BeWo cells was induced with forskolin and fusion index was measure using a simple live cell imaging method 24 . Briefly, BeWo cells were seeded on Poly-L-lysine (Sigma, cat.
P2636) coated NO.0 cover glass for 24 hours at 5% CO2 at 37 °C. After 24 hours, BeWo cells were treated with 30 µM forskolin (Cell Signaling Technology, cat. 3828s) for 48 hours to induce cell fusion.
Culture medium containing 30 µM forskolin was replaced every 24 h. After treatments, the cultured cells were incubated with Hoechst (Invitrogen™, cat. H3570, 1:1500) and Di-8-ANEPPS (Invitrogen™, cat.
D3167, 2 µM) at 5% CO2 at 37 °C for 15-20 minutes, and subsequently washed in dye-free medium for twice at room temperature. Fluorescent images of six fields were randomly captured with a Zeiss 780 inverted confocal microscope using a 63x/1.4 NA Oil Plan-Apochromat DIC objective. ZEN and MATLAB were used for imaging analysis. Cells with more than 2 nuclei are defined as fused cells. To quantify cell fusion, fusion index (FI) of each sample was calculated as:
where fi is the fusion index of each individual random field; nf is the number of nuclei from a fused cell and N is the total number of nuclei for each field.
To interfere with BeWo cell fusion, 0.5 μg/mL Annexin V (Biotium), 10 µM Q-VD-OPh (Sigma, cat. SML0063), or 100 nM and 500 nM GSK2193874 (Sigma, cat. SML0942) was added to culture medium 12 hour before forskolin treatment and remained throughout the experiment.
Mouse placenta histological analysis
Mice were deeply anesthetized using isoflurane. Placentas and embryos were freshly collected and fixed in 4% paraformaldehyde (Electron Microscopy Sciences, cat. 15710) for 2 days at 4 °C and then transferred to 70% alcohol for 3-5 days before processed by using 4-hour tissue processing setting with Leica ASP6025 (Leica Biosystems). Placentas were embedded in paraffin (HistoCore Arcadia H and Arcadia C, Leica Biosystems) right after the processing and then sectioned at 5 µm by using Leica RM2255 (Leica Biosystems, Buffalo Grove, IL) for histological staining.
H&E staining was performed through deparrifinization at 60°C followed by Xylene twice (Fisher Chemical, cat. X5S-4) and a graded alcohol series 100%, 95%, 70%. Tissue was rinsed in MilliQ water for 5 minutes and then incubated in Hematoxylin 560 MX (Leica Biosystems, cat. 3801575) for 2 minutes and in running water for 1 minute. Tissue was dipped in 0.3% Ammonium Hydroxide 7 times (Fisher Chemical, cat. A669S-500) and then rinsed in running water for 1 minute. Tissue was incubated in 70% ethanol for 1 minute, followed by 10 dips in Alcoholic Eosin Y 515 (Leica Biosystems, cat. Images were collected using a Leica DMR light microscope (fluorescence and bright-field) and an EVOS XL Core microscope (bright-field; Invitrogen, USA).
Statistical analysis
The analyses of placenta and embryo weight were based on two-way ANOVA. The Chi-quare test was applied to test whether the genotyes distribution of the mice from the het x het breeding scheme obeyed the Mendelian ratios. Others statistical analyses were based on a Student's two-tailed unpaired ttest and were performed using GraphPad Prism (GraphPad Software). Unless otherwise described, the data are representative of mean ± standard error of the mean (SEM). p values less than 0.05 were considered statistically significant.
Data availability
All data generated or analyzed during this study are included in this published article (and its supplementary information files). Raw data and code used are available from the corresponding author upon reasonable request. family members in primary human trophoblast shows that TMEM16F mRNA has the highest express level over other family members. All genes were normalized to GAPDH and then normalized to Syncytin-1. (B) Immunofluorescence of TMEM16F (anti-TMEM16F, green) and nuclei (Hoechst, blue) in a human term placenta sample (upper panels). Higher magnification is shown in in the lower panels. TMEM16F protein is highly expressed in the basal membrane of the syncytiotrophoblasts (arrowhead). The white dotted line demarcates the basal membrane of the syncytiotrophoblast. Schematic of the maternal-fetal interface in term placental villi is shown on the right. Images and diagram are shown in cross-sections of the villi. All fluorescence images are the representatives of at least three biological replicates. 
